Various growth factors are known t o stimulate both early and late stages of human hematopoietic cell development in semisolid assay systems, but their role as microenvironmental regulators is poorly understood. To address this problem, we developed a novel coculture system in which highly purified primitive human hematopoietic cells were seeded onto an irradiated feeder layer of cells from a murine marrowderived stromal cell line (M2-10B4) previously engineered by retroviral-mediated gene transfer t o produce specific human factors. Effects on cells at very early, intermediate, and late stages of hematopoiesis were then evaluated by assessing the number of clonogenic cell precursors (long-term culture initiating cells [LTC-IC]), clonogenic cells, and mature granulocyte and macrophage progeny present in the cultures after 5 weeks. In the absence of any feeders, cells at all stages of hematopoiesis decreased t o very low levels. In contrast, maintenance of LTC-IC was found t o be supported by control murine stromal cells as effectively as by standard human marrow adherent layers. The presence of granulocyte colony-HE HEMATOPOIETIC growth factors now desig-T nated as granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage CSF (GM-CSF), and interleukin-3 (IL-3) were initially identified by their ability to support colony formation by granulopoietic and multilineage cells in vitro.' Subsequent studies with these recombinant human factors have shown that all can stimulate cells at multiple levels of hematopoiesis in vitro, and in vivo can increase the output of mature gran~locytes"~ and circulating clonogenic hematopoietic progenitor^.^ Such findings suggest a physiologic role for these factors in humans but have provided little information about normal regulatory mechanisms, particularly those that determine the rate of differentiation and self-renewal of primitive hematopoietic cells within the bone marrow.
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Long-term cultures (LTC) initiated with unseparated marrow populations offer a useful model for investigation of these mechanisms because they appear to reproduce in vitro many of the features of stromal cell-mediated regulation of hematopoiesis attributed to the microenvironment of the marrow in vivo.6v7 Such cultures are characterized by stimulating factor (G-CSF) and interleukin-%producing M2-1OB4 cells in combination was able t o further enhance the maintenance and early differentiation of these cells without a decline in their proliferative potential as measured by the clonogenic output per LTC-IC. However, this effect was lost if granulocyte-macrophage CSF (GM-CSF)-producing feeders were also present. On the other hand, in the presence of GM-CSF-producing feeders, the output of mature granulocytes and macrophages increased 20-fold. These findings show that it is possible t o selectively improve the maintenance of very primitive human hematopoietic cells in vitro or their output of mature progeny by appropriate manipulation of the long-term marrow culture system. Further exploitation of this approach should facilitate investigation of the mechanisms operative within the human marrow microenvironment in vivo and the design of protocols for in vitro manipulation of human marrow for future therapeutic applications.
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the formation of a confluent adherent layer of mesenchymal cells, including fibroblasts, endothelial cells, and adipocytes, with which primitive hematopoietic cells become associated. In human marrow LTC the generation of clonogenic progenitors and mature granulocytes is maintained for many weeks. This is now known to be due to the presence and proliferative activity of more primitive cells that exhibit properties expected of marrow repopulating stem cells and that can be referred to as a "long-term culture-initiating cells" (LTC-IC).'" Recently, transplantation of cells from 10-day-old human marrow LTC into patients treated with lethal chemo-radiotherapy has been shown to allow rapid recovery of the hematologic system." In analogous LTC initiated with murine marrow, totipotent lympho-myeloid repopulating cells are maintained and proliferate over a period of several weeks." Thus, it seems likely that human hematopoietic stem cells with repopulating potential are closely related to LTC-IC. Therefore, identification of other cell types required to support LTC-IC in vitro, as well as the molecular mediators that influence LTC-IC behavior in LTC, is of obvious practical as well as theoretical interest.
In this study we have investigated the role of G-CSF, GM-CSF, and IL-3 in regulating human hematopoiesis in a reconstructed model of the LTC system containing genetically engineered stromal cells of murine origin. G-CSF and GM-CSF were selected because their production can be induced from the stromal cells present in standard human marrow LTC, and manipulations that alter this production cause quiescent clonogenic hematopoietic cells in the adherent layer to enter S-pha~e.".'~ IL-3 is not detectable in such LTC,I3 but is a potent direct stimulator of human multilineage hematopoietic progenitors as well as differentiating granulopoietic cells in semisolid assays.I4 Thus, provision of IL-3 via stromal cells to hematopoietic cells in LTC might also influence their behavior under these conditions. To minimize the role of other factors in the system, a cell suspension that was highly enriched in
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LTC-IC and devoid of stromal elements or their precursors was used to initiate hematopoiesis in the present studies.'" These cells were seeded onto preformed feeder layers that had been previously derived from a cloned, stromal cell line (M2-10B4) of mouse marrow origin and infected with ecotropic retrovirus capable of the transfer and expression of cDNAs for human G-CSF, GM-CSF, or IL-3.15 Through the use of such genetically engineered growth factorproducing feeders it was hoped to reproduce the way in which regulators may be localized in the adherent layer and/or presented to adjacent hematopoietic cells on the assumption that this might influence the nature and magnitude of their effects. All cultures were maintained for 5 weeks and the contributions of GM-CSF-, G-CSF-, and IL-3-producing feeders (alone or in combination) to LTC-IC maintenance (self-renewal), clonogenic cell production (LTC-IC differentiation), and production of nonadherent cells (terminal cell output from intermediate clonogenic progenitor cell types) were then assessed and compared. The retroviral vectors for human GM-CSF and G-CSF have been described previo~sly.'~ Similar principles were used to construct a vector containing a human IL-3 cDNA. Briefly, an IL-3 cDNA (from Genetics Institute, Boston, MA), was truncated at the 3' end to remove A-T rich sequences thought to be responsible for destabilizing mRNA transcripts?' This 632-bp cDNA fragment was linked to a 250-bp PvuII-BgllI fragment from the pX1 vector containing the promoter from the herpes simplex thymidine kinase (tk) genez3 and the tk-IL-3 cassette inserted into theXhol site in the N2 retroviral vector, which is 3' of the neo' gene.24 Retroviral constructs were Bone marrow cells.
MATERIALS AND METHODS
Aliquots
Retroviral vectors and viral producer cell lines.
transfected into the W2 ecotropic packaging cell line." Individual clones of G418 resistant (G418') transfected cells were isolated, expanded, and assessed both for viral titer by the ability of their growth medium to generate G418' NIH-3T3 cells, and for the production of growth factor bioactivity on growth factor-responsive cell lines. Clones producing viral titers greater than lo5 colonyforming units/mL were used to infect M2-10B4 cells.
Irradiated (15 Gy of 250-kV peak x-rays) normal human marrow adherent layer feeders (MF) were prepared as previously described!,' To generate human growth factorproducing M2-10B4 feeders, cell-free growth medium was harvested from viral producer cells and, together with 8 Gg/mL polybrene, added to subconfluent cultures of M210-B4 cells. After 4 hours of incubation at 37°C the virus-containing medium was replaced with standard growth medium. Forty-eight hours postinfection the cells were trypsinized, replated in growth medium containing 0.4 mg/mL G418, and the cells grown to confluence, at which time the growth medium was tested for growth factor bioactivity. Mass cultures of these retrovirally infected, G418', growth factor-producing M2-10B4 cells were subsequently maintained and passaged as continuous cell lines. Using standard techniques and hybridization of blots to 3'P-oligolabeled GM-CSF, G-CSF, or IL-3 cDNA probes, Southern and Northern a n a l y s i~~~. '~ showed grossly intact proviral DNA and the expected full-length and spliced retroviral transcripts in the infected M2-10B4 cells (data not shown). M2-10B4 feeders were prepared before the initiation of cocultures by seeding 3 x l@ M2-10B4 cells into 35-mm Corning tissue culture dishes (Corning Glassworks, Corning, NY) or into Nunc 96-well plates (A/S Nunc, Roskilde, Denmark) at 10' cells per well. In cultures containing cells from more than one growth factor-producing cell line (to test the effect of specific combinations of growth factors), equal numbers of each of the types of cells were used, keeping the total cells plated constant at the values given above. All M2-10B4 feeders were irradiated with 80 Gy of x-rays.
In a total of 16 experiments, 800 to 11,000 sorted human bone marrow cells were placed in cultures with or without feeders (as indicated) in LTC medium. Cultures were then maintained at 33°C for 5 weeks with weekly half-medium changes as previously described.&' At the end of 5 weeks, all nonadherent cells were removed and counted, and the adherent cells were then suspended by trypsinization. Aliquots equal to % to % of total adherent and nonadherent cells were plated in standard methylcellulose cultures for assessment of total erythropoietic (BFU-E), granulopoietic (CFU-GM), and multilineage (CFU-GEMM) progenitors detected 20 days after initiation.'* Aliquots were also reseeded on top of new irradiated normal human MF in 96-well plates for assessment of LTC-IC content by limiting dilution analysis and measurement of total clonogenic cell content after an additional 5 weeks. ' Growth factor bioactivity was measured in growth media collected 2 days after a complete change of the medium in confluent cultures of viral producer cells or feeders, and in media removed from cocultures at weekly intervals. Bioactivity was measured by comparing the stimulation of 'H-thymidine incorporation into appropriate growth factor-responsive cell lines to that obtained with recombinant growth factor standards. Recombinant GM-CSF and IL-3 were gifts from Biogen (Genova, Switzerland) and Behring (Frankfurt, Germany), and recombinant IL-6 was purchased from R & D Systems, Inc (Minneapolis, MN). Recombinant G-CSF was purchased from Amersham (Oakville, Canada). GM-CSF and IL-3 levels were measured on human AML 193 cells, G-CSF on NFS 60 cells, and IL-6 on B9 cells.
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RESULTS
Growth factor production by engineered M2-10B4 cells.
Human growth factor-producing M2-10B4 cells were generated by infection of the cells with ecotropic retrovirus capable of the transfer and expression of both the neor gene, which renders eukaryotic cells resistant to the neomycin analogue G418, and the cDNAs for either human GM-CSF, G-CSF, or IL-3. When retrovirally infected M2-10B4 cells had grown to confluence under G418 selection, samples of their growth medium were tested for growth factor bioactivity (Table 1) . Bioactivity was detected only from cells infected with the appropriate virus and the levels measured ranged from -1 to 20 ng/mL. Bioactivity from cultures containing two or three types of growth factor secreting M2-10B4 cells was twofold to threefold lower, consistent with the lower number of each type of cell in these cultures. These remained stable for at least 2 months in the absence of G418 selection, even after the cells were irradiated. Bioactivity at levels approximately equal to the levels from the feeders alone was also detected in media removed from cocultures of M2-10B4 cells with purified human marrow cells, and levels remained unchanged throughout the period of the experiments. In cocultures with uninfected M2-10B4 feeders no bioactivity could be detected (data not shown). Assays for IL-6 were also performed on media conditioned by M2-10B4 cells and media removed weekly from cocultures. These assays showed IL-6 levels to be consistently less than 0.01 ng/mL. In previous experiments the concentration of purified recombinant growth factor required to stimulate halfmaximal hematopoietic colony growth from nonadherent marrow cells placed in short-term methylcellulose assays has been shown to be 0.1 ng/mL for GM-CSF, 10 ng/mL for G-CSF, and 1 ng/mL for IL-3," suggesting that growth factor production by the retrovirally infected M2-10B4 cells was sufficient to warrant testing these cells as feeders in LTC.
Capacity of M2-10B4 cells to support human hematopoiesis. Total numbers of nonadherent cells, clonogenic cells, and LTC-IC in cocultures 5 weeks old were measured to assess the ability of control (uninfected and/or NZinfected) M2-10B4 cells to support hematopoiesis at these three levels of hematopoietic cell development (Table 2) . Results obtained in each case were compared with those obtained from cultures containing normal human MF or no feeders (ie, hematopoietic cells seeded directly onto plastic). Despite the lack of detectable G-CSF, GM-CSF, IL-3, or IL-6 in cultures containing control M2-10B4 cells, significant support for all levels of hematopoiesis was evident by comparison to results for cultures without feeders. For LTC-IC maintenance and production of clonogenic cells, M2-10B4 cells were almost as effective as normal human MF. However, human MF did offer a significant improvement over M2-10B4 cells when effects on terminal cell numbers (nonadherent cell production) were assessed. Specific growth factor effects on terminal hematopoiesis. Nonadherent cell numbers in cultures 5 weeks old containing growth factor-producing M2-10B4 cells were compared in a paired t-test to cultures with control M2-10B4 cells (Fig  1) and to cultures with human MF. IL-3-producing M2-10B4 cells alone were not different than control M2-10B4 cells (P = .4). However, all other types of growth factorproducing feeders, either alone or in combination, increased nonadherent cell output above that seen with control M2-10B4 feeders (P I .005). GM-CSF-producing M2-10B4 cells with or without other growth factorproducing M2-10B4 cells were most effective in this regard. Table 2 . In this and all subsequent analyses a value that wasat the limit of detection of the assay as determined by the number of cells assessed was substituted for all zero values.
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combination of IL-3-and G-CSF-producing M2-10B4 cells was less effective for the promotion of terminal cell amplification than any feeder producing GM-CSF, it was equivalent to human MF in this regard.
Spec@ growth factor effects on clonogenic cell output. Production of clonogenic cells was analyzed in the same experiments by comparison of numbers of clonogenic cells in 5-week-old cocultures to controls using a paired t-test (Fig 2) . G-CSF feeders alone and G-CSF plus IL-3-producing feeders provided more support than control M2-10B4 feeders (P I .OS) and G-CSF plus IL-3 feeders were twice as supportive as human MF, although this latter difference did not quite reach statistical significance (P = .12). GM-CSF feeders either alone or in combination The ability of control and growth factor-producing M2-10B4 cells to maintain LTC-IC was similarly assessed by quantitating the number of LTC-IC remaining after 5 weeks in primary cultures containing various feeders. As shown in Fig 3, the combination of IL-3 plus G-CSF feeders in the primary cultures allowed better maintenance of LTC-IC than control M2-10B4 feeders (P < .05) and was even somewhat better than human MF. GM-CSF-producing feeders alone, or together with G-CSF-producing feeders, provided less LTC-IC maintenance than human MF (P I .OS) and any culture that contained GM-CSF-producing feeders appeared worse than control M2-10B4 cells for LTC-IC maintenance (P = .14 to .18). The other feeder combinations tested provided support of LTC-IC maintenance that did not differ significantly from that obtained with human MF or M2-10B4 cells.
Lack of any growth factor effect on theprolifeativepotential displayed by LTC-IC present afrer 5 weeks in culture. In addition to determining the number of LTC-IC maintained under various coculture conditions, the proliferative potential of these cells, as indicated by the average number of clonogenic progenitors produced per LTC-IC (CFULTC-IC) before and after culture, was measured by limiting For personal use only. on August 30, 2017 . by guest www.bloodjournal.org From dilution analysis. CFU/LTC-IC was the same for LTC-IC maintained on human MF for 5 weeks as for the LTC-IC in the original purified marrow sample (4.0 f 0.7 ZJ 4.3 f 0.4). Moreover, despite the fact that the number of LTC-IC maintained in primary cocultures with various types of growth-factor producing M2-10B4 cells varied from twofold higher to threefold lower than the number of LTC-IC maintained in cultures containing human MF, the proliferative potential of the LTC-IC present after 5 weeks was not influenced by the type of feeder used in the primary culture (analysis of variance, P = .46) ( Table 3) .
DISCUSSION
Analysis of specific growth factor effects on different stages of hematopoiesis requires a system where the factors of interest can be tested individually, or in combination, as desired. In addition, separate assays must be available for the direct quantitation of primitive hematopoietic cells and their more differentiated progeny. In this report an experimental strategy that meets both of these requirements has been described. This strategy was then used to evaluate the role of three growth factors with unique and distinct effects on different types of human hematopoietic cells. The strategy involved establishing cocultures of primitive human hematopoietic target cells with feeder cells from a murine marrow-derived stromal cell line that was not known to secrete growth factors capable of stimulating human hematopoietic cells.'8 The murine cells had been genetically engineered by retroviral-mediated gene transfer to allow elevated levels of endogenously produced human G-CSF, GM-CSF, and/or IL-3 to be sustained in the coculture system. Because normal human marrow aspirate samples contain many cells that can also release both G-CSF and GM-CSF in culture, an attempt was made to minimize the presence of such cells. Accordingly, cocultures were initiated with a subpopulation of human marrow cells that had been highly enriched in LTC-IC (and some clonogenic cells) and depleted of human marrow stromal cells or their precursors, and of monocytes and T cells. Measurements of the number of LTC-IC, clonogenic cells, and nonadherent cells (representing mature granulocytes and macrophages almost exclusively) present in the cocul- The ability of GM-CSF to greatly amplify the output of mature (nonadherent) cells in vitro above that obtained with standard human MF extends the results of previous experiments in which soluble GM-CSF was added to standard LTC32.33 or when it was provided by human MF engineered to constitutively produce GM-CSF." The design of the present experiments, which allowed the effects of GM-CSF to be examined in the virtual absence of G-CSF or IL-3, suggests that the terminal amplification of granulopoiesis by GM-CSF does not depend on synergy with either of these two other factors. Although the combined production of both IL-3 and G-CSF in the absence of GM-CSF was able to stimulate terminal granulopoiesis as effectively as human MF and was clearly superior to control M2-10B4 feeders, the effect was still markedly less than that achieved by GM-CSF feeders alone.
When the maintenance and differentiation of very primitive cells was assessed, the pattern of growth factor action was different from that seen on mature cell output. G-CSF plus or minus IL-3 production enhanced LTC-IC differentiation as compared with control M2-10B4 feeder cocultures (Fig 2) , and G-CSF plus IL-3 production allowed the maintenance of LTC-IC to be significantly enhanced (Fig  3) . In contrast, GM-CSF was ineffective at both levels. Moreover, when GM-CSF was provided together with G-CSF with or without IL-3, the GM-CSF appeared to negate the enhancing effect of the latter. Whether this is due to an ability of GM-CSF to promote LTC-IC commitment to terminal differentiation in a dominant fashion, or to its inhibition of the proliferation of LTC-IC through direct or indirect mechanisms, has yet to be determined. Examples of deterministic mechanisms directing hematopoietic cell behavior have been r e p~r t e d ?~.~~ Additional experiments of the present type but focusing on earlier time For personal use only. on August 30, 2017 . by guest www.bloodjournal.org From points should help to explain the basis of the negative effect of GM-CSF on primitive human hematopoietic cells seen here.
It is interesting to note that the effects of G-CSF plus IL-3 on LTC-IC maintenance correlate well with the ability of both of these factors to stimulate primitive (high proliferative potential) clonogenic cells to enter S-phase either when added repeatedly to standard LTC of unsorted marrow or when presented by human MF engineered to produce increased levels of G-CSF or IL-3.'5,37 These results also correlate with the ability of these factors to stimulate blast colony f~rmation.~' Additional evidence favoring the very primitive nature of the cell detected by the LTC-IC assay was provided by the lack of decline in their proliferative capacity after 5 weeks in culture, even under conditions that enhanced their self-renewavmaintenance during that period.
The ability to analyze the differentiation and the maintenance/self-renewal of LTC-IC independently should facilitate future elucidation of the mechanisms that couple these processes t o prevent depletion of the stem cell pool when stem cell differentiation is required. It may also permit the identification of mechanisms that allow these processes to be uncoupled either in disease states or for therapeutic benefit. For example, a factor or combination of factors that could be manipulated to alternatively promote self-renewal at the expense of differentiation and vice versa could replace the need for large marrow transplants, create new opportunities for gene therapy, and provide the beginnings for the creation in vitro of a variety of blood cell products.
